PET provides robust and reproducible measurements of regional myocardial blood flow in milliliters per minute per gram of tissue, providing unique pathophysiologic and diagnostic information on the function of the coronary macro-and microcirculation. There is compelling evidence to suggest that in many instances abnormalities of global myocardial perfusion are demonstrated in individuals with either coronary risk factors for coronary artery disease or different myocardial diseases in the absence of angiographically demonstrable stenosis of the epicardial coronary arteries. In this context, measurement of myocardial blood flow gives unique diagnostic information regarding the function of the coronary microcirculation and provides a quantitative surrogate endpoint against which the efficacy of treatments can be established.
Despi te substantial advances in the diagnosis and treatment of cardiovascular diseases, these diseases remain the main cause of death in our society and have a major impact on public health expenditure. According to the recent report from the American Heart Association Statistics Committee and Stroke Statistics Subcommittee, an estimated 80,700,000 American adults (1 in 3) have one or more types of cardiovascular disease, with a mortality rate in 2004 of 869,724, and more than half of these subjects are younger than 60 y (1). Cardiovascular disease claims approximately as many lives each year as do cancer, chronic lower respiratory disease, accidents, and diabetes mellitus combined. Nearly 70% of the mortality for cardiovascular disease is due to coronary heart disease. The direct and indirect costs estimated for 2008 in the United States for cardiovascular disease and stroke are in the range of $448.5 billion, with coronary heart disease accounting for $156.4 billion, placing cardiovascular diseases at the highest level in comparison with any other diagnostic group (1) .
The widespread use of thrombolytic therapy and percutaneous coronary interventions, in association with increasingly potent antithrombotic agents, has contributed to a significant reduction in the mortality and morbidity in patients with acute coronary syndromes. A downside to this success has been the greater number of patients with residual left ventricular (LV) dysfunction undergoing progressive LV remodeling and experiencing congestive heart failure (2) . Moreover, the structural changes inducing remodeling of the left ventricle cause an impairment of the microvascular function, which also involves the nonischemic territory (3) .
A further significant reduction in the morbidity and mortality from ischemic heart disease can be achieved through more aggressive prevention strategies that would require a better characterization of subtle functional abnormalities of the coronary circulation in the preclinical stages of the disease.
CORONARY MACRO-AND MICROVASCULAR DISEASE
Atherosclerotic disease of the vascular system is a continuum. Disease may begin early in life, but it does not become clinically overt until atherosclerotic plaques reach a critical stage ( ½Fig: 1 Fig. 1 ). Noninvasive imaging techniques can be used to diagnose coronary macro-and microvascular disease. The former, which affects the large epicardial arteries, may be symptomatic and is a consequence of the critical growth of atherosclerotic plaques inside the lumen of the vessel. In addition to symptoms, its diagnosis is based either on the identification of the anatomic changes (stenoses) on the large epicardial coronary arteries or on the functional consequences of these stenotic lesions on coronary flow reserve (CFR) or regional LV function. The anatomy of the epicardial coronary arteries can be assessed using either invasive angiography or, more recently, multislice CT angiography. Semiquantitative assessment of regional myocardial perfusion with SPECT is a noninvasive, robust, and widely available method of assessing myocardial ischemia and has an obvious role in the clinical setting. Many studies have assessed the sensitivity and specificity of this technique for the detection of coronary artery disease (CAD), coronary arteriography usually being the standard by which the accuracy of scintigraphy is judged (4) . Alternatively, changes in regional wall motion during stress can be assessed using echocardiography and cardiovascular magnetic resonance (CMR).
When lesions on the epicardial coronary arteries are subcritical (hemodynamically nonsignificant [i.e., with no obvious effects on tissue perfusion]), they may not manifest themselves until the plaque becomes unstable and ruptures, leading to an acute coronary syndrome. Recent studies have provided preliminary evidence that it is possible to study the anatomy and composition or the functional status of the plaques to identify those at higher risk of rupture. Plaque composition can be imaged with high-resolution CMR, and the inflammatory activity of the plaques can be assessed by means of PET using specific tracers for the detection of inflammation. More studies, however, will be necessary to test the applicability of these techniques in clinical practice.
Another form of early (preclinical) disease is that affecting the coronary microcirculation (small vessels , 300-400 mm), which may occur in patients with normal coronary angiograms. Because there is no technique enabling the direct visualization of the coronary microcirculation in vivo, its assessment relies on the measurement of parameters that reflect its functional status, such as absolute myocardial blood flow (MBF) and CFR. A bulk of studies, mainly using PET for the noninvasive quantification of regional MBF, have demonstrated that dysfunction of the coronary microcirculation occurs in many clinical conditions in the absence of demonstrable stenoses on the large epicardial arteries. Studies in subjects who are asymptomatic but have risk factors for CAD such as hypercholesterolemia, essential hypertension, diabetes mellitus, and smoking have provided evidence of how these risk factors translate into measurable damage to the coronary microcirculation in the absence of demonstrable stenoses of the epicardial arteries. In some cases, these abnormalities represent mere epiphenomena, whereas in others they represent important markers of risk or even contribute to the pathogenesis of myocardial ischemia, thus becoming therapeutic targets (5, 6) .
In a previously published review article, we have discussed in-depth the methodologic aspect of MBF measurement with PET and its main clinical application (7) . The scope of the present review is to expand and update this topic by reviewing the literature published since 2005.
FUNCTIONAL ANATOMY OF CORONARY CIRCULATION AND ISCHEMIC HEART DISEASE
Understanding the anatomy and physiology of the coronary circulation is the prerequisite for understanding the mechanisms that lead to its derangement. The coronary arterial system is composed of 3 compartments with different functions, although their precise borders cannot be clearly defined anatomically or histologically ( ½Fig: 2 Fig. 2 ). The proximal compartment is represented by the large epicardial coronary arteries, which have a capacitance function and offer little resistance to coronary blood flow. During systole, epicardial coronary arteries accumulate elastic energy as they increase their blood content up to about 25%. This elastic energy is converted into blood kinetic energy at the beginning of diastole and contributes to the prompt reopening of intramyocardial vessels that are squeezed closed by systole.
The intermediate compartment is represented by prearterioles, which are characterized by a measurable pressure drop along their length. Prearterioles are not under direct vasomotor control by diffusible myocardial metabolites because of their extramyocardial position or arterial wall thickness. Proximal prearterioles are more responsive to changes in flow, whereas distal prearterioles are more responsive to changes in pressure. The distal compartment is represented by arterioles. Because their tone is influenced by myocardial metabolism, arterioles are characterized by a considerable pressure drop along their length and represent the site of the metabolic regulation of MBF. The specific function of arterioles is the matching of myocardial blood supply and myocardial oxygen demand.
Large epicardial arteries have a diameter ranging from a few millimeters to approximately 500 mm and are visible at coronary angiography. Prearterioles (diameter, from ;500 to ;100 mm) and arterioles (diameter , 100 mm) are below the resolution of current angiographic systems and hence are not visible at angiography. Notably, each compartment is governed by distinct regulatory mechanisms (8, 9) . Michael Gibson) illustrating abundance of microvascular network, which is not visible at coronary angiography (B). Because of its limited spatial resolution, coronary angiography can be used only to study anatomy of large epicardial coronary arteries.
The vascular resistance is distributed in series along the coronary vascular bed but also varies in parallel vascular segments in different layers of the ventricular wall.
The individual contribution of successive coronary vascular segments to total resistance can be inferred from the progressive drop in mean pressure from the aorta to the coronary sinus. About 10% of the pressure drop occurs in epicardial coronary arteries, 30% in prearterioles, 40% in arterioles, and 20% from capillaries to large veins ( Fig. 2 ) (10) .
The distribution of coronary resistance in parallel vascular segments in different layers of the ventricular wall has been studied by pressure or flow curves, which provide information on the differences in vascular resistance between subendocardium and subepicardium. Tachycardia impairs subendocardial blood flow, particularly in the presence of myocardial hypertrophy. In fact, the time constant of the diastolic filling of intramyocardial vessels does not shorten with heart rate and becomes a limiting factor for the perfusion of subendocardial layers. Nevertheless, in conscious dogs, under normal resting conditions, the subendocardial flow is higher than the subepicardial flow (with a ratio of about 1.25:1), due to a greater conductance of subendocardial arterioles. This latter finding is consistent with the higher subendocardial oxygen demand, which is secondary to the greater wall stress in subendocardial than in subepicardial layers (11) . Thus, given a sufficiently high perfusion pressure, a sufficiently long diastole, and an adequate systolic expansion of conductive arteries, the subendocardium is adequately perfused. However, when perfusion pressure at the origin of the arteriolar vessels, compared with that of the aorta, is reduced, perfusion becomes jeopardized earlier in the subendocardial than in the subepicardial layers of the left ventricle. The selective constriction of subepicardial vessels can influence perfusion pressure in subendocardial vessels and hence subendocardial flow (11) . In addition, the subendocardium becomes even more susceptible to underperfusion if diastolic time is short and myocardial hypertrophy is present (12, 13) .
Response of Coronary Circulation to Changes in Flow
The shear stress is proportional to the shear rate or velocity and to viscosity. Arteries exhibit an intrinsic tendency to maintain a shear stress constant, despite changes in shear rate or in viscosity. Indeed, high or low shear stress may jeopardize the interaction between blood elements and endothelium. In the absence of changes in distending pressure, variations of flow in epicardial coronary arteries can be achieved by intracoronary injection of arteriolar vasodilators (14) . Flow-mediated dilatation occurs also in proximal prearterioles during dilatation of distal prearterioles in response to a reduction in perfusion pressure or increased myocardial oxygen consumption or after myocardial ischemia.
Flow-mediated dilatation is achieved through the release by endothelial cells of vasodilators in response to an increase in shear stress, in particular nitric oxide (NO), endotheliumderived hyperpolarizing factor (EDHF), and prostacyclin. NO appears to play a key role in flow-mediated relaxation of large epicardial vessels, as relaxation is prevented by N Gmonomethyl-L-arginine (L-NMMA), a specific inhibitor of NO synthesis. The contribution of EDHF to endotheliumdependent relaxation varies as a function of the size of the artery; indeed, it is more pronounced in resistance vessels and might play an important role in prearteriolar flow-mediated dilatation. In contrast, the contribution of prostacyclin to flow-mediated relaxation appears to be modest. Nevertheless, prostacyclin-mediated relaxation might be important in the presence of endothelial dysfunction with reduced bioavailability of NO, when it may provide a compensatory mechanism (15) .
Coronary autoregulation is the intrinsic ability to maintain a constant blood flow in the face of changes in perfusion pressure. Variations of coronary perfusion pressure in the beating heart-in the presence of unaltered myocardial metabolic requirements-can be achieved by perfusing the coronary circulation independently from the aorta, so that aortic pressure remains constant when coronary arterial pressure is varied. In this setting, pressure or 
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jnm054478-pm n 6/9/09 flow curves show that when perfusion pressure is varied, flow remains nearly constant over a wide range of pressures (i.e., from ;60 to ;120 mm Hg). The level at which flow remains constant is determined by the levels of myocardial oxygen consumption; when the latter is low the plateau of flow is low, and when oxygen consumption is high the plateau is high. Notably, for decreasing perfusion pressures, autoregulation is better maintained in the subepicardium than in the subendocardium, which, therefore, is more susceptible to the detrimental effects of low perfusion pressures.
The mechanism responsible for autoregulation is probably a myogenic response of distal prearteriolar vessels: They vary their diameter as a function of perfusion pressure (16) .
Under basal resting conditions, the tone of the coronary resistive vessels is high. This intrinsically high resting tone allows the coronary circulation to increase flow when myocardial oxygen consumption increases through rapid changes in small vessel diameter, a mechanism known as functional hyperemia. This metabolic control of coronary blood flow is precise and fundamental for adequate myocardial oxygen supply and it results from the balance of the action of neurotransmitters, autoacoids produced by endothelial cells (NO, prostaglandins, EDHF, endothelin), adventitial cells (histamine, kinins, leukotrienes, blood-borne substances [thromboxane A 2 , serotonin]), and vasoactive drugs. When myocardial oxygen consumption remains constant, any change in flow caused by neurohumoral modulation is mirrored by a change in oxygen extraction, so that vasodilatation or constriction are associated, respectively, with a proportional increase or decrease in coronary sinus PO 2 and oxygen saturation.
By acting on coronary arterioles, adenosine is one of the key mediators of metabolic blood flow regulation. Adenosine is formed by degradation of adenine nucleotides under conditions in which adenosine triphosphate use exceeds the capacity of myocardial cells to resynthesize high-energy compounds, resulting in the production of adenosine monophosphate (which is converted to adenosine by the enzyme 59-nucleotidase). Adenosine then diffuses from myocytes into interstitial fluid, where it exerts powerful arteriolar dilator effects through the stimulation of A 2 adenosine receptors on smooth muscle cells. Adenosine production increases in the case of an imbalance in the supply or demand ratio of myocardial oxygen, with the rise in interstitial concentration of adenosine paralleling the increase in coronary blood flow (17, 18) .
Changes in myocardial oxygen consumption trigger a complex and integrated microvascular response. The arterioles dilate in response to the release of myocardial metabolites, and this dilatation decreases both resistance in the overall network and pressure in distal prearterioles, which induces myogenically sensitive vessels to dilate. In turn, dilatation of distal prearterioles and arterioles results in an increase in shear stress and triggers flow-dependent dilatation in larger prearterioles and in conductance arteries. Thus, as proposed by Chilian, the coronary circulation matches oxygen requirements with blood flow by coordinating the resistances within different microvascular domains, each controlled by distinct and integrated regulatory mechanisms. This integration, and the apparent redundancy of control mechanisms, has the advantage of compensating for dysfunctions ensuing in one mechanism to maintain an adequate level of perfusion (9, 16) .
Response of Coronary Circulation to Ischemia
Reactive hyperemia occurs within a few seconds on release of a short occlusion of a conduit coronary artery; the peak flow reaches 4-5 times the value of preischemic flow and is directly correlated to the duration of the ischemic period for occlusion times up to 15-20 s. Although longer occlusions do not modify further the peak of the hyperemic response, they do affect the duration of the entire hyperemic process, which increases proportionally with the length of the occlusion.
It is generally accepted that myocardial ischemia, even that lasting only briefly, is the most effective stimulus for vasodilatation of coronary resistive vessels and that, under normal circumstances, reactive hyperemic peak flow represents the maximum flow available at a given coronary perfusion pressure. Values of coronary blood flow comparable to the peak flow of reactive hyperemia can be achieved using coronary vasodilators such as intravenous adenosine or dipyridamole, which induce a near-maximal vasodilatation of the coronary microcirculation (14, 19) . CFR is the ratio of maximum (hyperemic) coronary or MBF to resting basal coronary or MBF. In the absence of coronary stenoses, a reduced CFR reflects dysfunction of the coronary microcirculation. This characterization requires quantitative measurements of pressure or flow and can be estimated invasively as fractional flow reserve (14) or measured noninvasively with PET and 15 O-labeled water (H 2 15 O) (20) or 13 N-labeled ammonia ( 13 NH 3 ) ( ½Fig: 3 Fig. 3 ) (21) . However, because CFR is a ratio, factors that influence either the numerator or the denominator may affect its calculation ( ½Table 1  Table 1 ). Therefore, a low CFR value does not necessarily reflect a reduction of hyperemic flow, but it can be due to an abnormally elevated resting flow in the face of a normal hyperemic flow. This problem can be overcome, at least in part, by normalizing resting flow for the external cardiac workload, which is generally measured using the rate-pressure product (RPP) (22) .
MBF MEASUREMENT: RECENT ADVANCES CMR
Assessment of myocardial perfusion by means of CMR exploits the first-pass kinetics of T1-enhancing extracellular gadolinium chelates. During the first pass, the contrast medium diffuses in the interstitial space from the microvasculature, resulting in increased signal intensity proportional to the perfusion and blood volume of the tissue, size of extravascular compartment, and capillary permeability jnm054478-pm n 6/9/09 (23) . Gadolinium chelates do not enter intact cell membranes and the volume of distribution is restricted to approximately 20% in normal viable myocardium (24) . Different extravascular, extracellular contrast medium dose administration protocols and pulse sequences have been tested and validated in animal experiments (25) (26) (27) , which have been subsequently translated into human studies (28) (29) (30) (31) (32) (33) .
The main issue in the design of a CMR perfusion pulse sequence is the trade-off between spatial and temporal resolution, linearity between signal intensity and contrast agent concentration, acquisition time, and signal-to-noise ratio. Different solutions to the above problems have been proposed over time by several groups to optimize performance (34) . The standardization of protocols, pulse sequences, and models for semiquantitative or quantitative analysis is a necessary step to foster the application in everyday clinical cardiology or radiology practice.
The occurrence of image artifacts represents a limiting factor in clinical performance. The time-signal intensity curves may be degraded, and this prevents an accurate analysis. Potentially misleading artifacts are recognized in the subendocardial dark rims that can be visually misdiagnosed as perfusion defects.
Clinically, the widely used qualitative analysis consists of a visual examination of the homogeneous increase in signal during the first pass, followed by contrast washout; the detection of a delayed signal increase and persistently hypointense regions indicates that the blood supply is reduced by a high-grade stenosis (35, 36) . Interpretation of the data can be semiquantitative, using the signal intensity index or the upslope rate (32, 37) , or fully quantitative (33, 38) . Fully quantitative perfusion analysis so far has not yet gained broad clinical use and is performed in highly specialized centers either by calculating various parameters of the tissue enhancement curves and correcting them by subtracting or scaling the arterial input function derived from the left ventricle (27, 32) or by using a modelindependent deconvolution (39, 40) .
Two main approaches are currently under consideration for widespread clinical application: a stress hyperemic-only protocol and a stress-rest protocol for the assessment of CFR. The stress-rest protocol offers the advantage of improving the discrimination of dark rim artifacts from truly impaired perfusion in regions without prior myocardial infarction. However, the issue of residual ischemia in an infarcted region remains still incompletely addressed (35) .
There is accruing evidence of the diagnostic performance of CMR stress perfusion with adenosine in patients with overt CAD (stenosis . 50%) or in patients with a lower likelihood of disease or risk factors. Single-center (32, 35, 37, 41) and multicenter (42) studies have shown FIGURE 3 . MBF can increase 3-to 4-fold during submaximal increase in cardiac workload to match increased myocardial oxygen demand. In patients with CAD, coronary stenoses reduce ability of coronary circulation to increase MBF to match increased workload, leading to myocardial ischemia. CFR is ratio of near-maximum MBF (measured during pharmacologic vasodilatation with intravenous adenosine or dipyridamole) to basal MBF. CFR can be measured noninvasively using PET to assess functional significance of coronary stenoses. In absence of coronary stenoses, reduced CFR reflects dysfunction of coronary microcirculation. jnm054478-pm n 6/9/09 good sensitivity (range, 90%284%) and specificity (range, 89%258%) for the detection of coronary CAD on a perpatient basis, compared with conventional coronary angiography. In a single-center study, in a cohort of 513 patients, the visual detection of ischemia at the CMR perfusion stress test was proven to be an independent predictor of hard cardiac events, whereas a normal stress test was associated with a low event rate (43) . These findings will have to be verified in a multicenter, randomized trial and possibly with at least semiquantitative evaluation of the inducible perfusion abnormalities.
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In the multiethnic study of atherosclerosis, a prospective study designed to evaluate risk factors and progression of cardiovascular disease, myocardial perfusion was assessed in 222 subjects (38) . In 28 subjects, the reproducibility and repeatability of myocardial perfusion over an average of 1 y was comparable with PET, with relative repeatability coefficients of 30% of mean at rest and 41% during hyperemia in the whole heart (19, 44) .
The diagnostic performance of CMR perfusion assessed qualitatively has been compared head to head to more established noninvasive techniques such as SPECT in 18 centers in Europe and the United States for the detection of CAD using conventional coronary angiography as the standard of reference. CMR perfusion proved equivalent to gated SPECT, with 85% sensitivity and 67% specificity; the receiver-operating-characteristic (ROC) curve analysis favored CMR perfusion when compared with cumulative gated and nongated SPECT (42) . In 2 studies, perfusion and CFR by CMR were tested against PET, the current noninvasive gold standard for the absolute measurement of perfusion; in both cases (32, 45) , there was good agreement between the 2 techniques.
Qualitative and semiquantitative assessment of perfusion with CMR at 1.5 T has shown a moderate accuracy for the detection of CAD (32, 35, 43, 46) . Low differences in contrast enhancement between normal and underperfused myocardium represent a limitation in the interpretation of the images. Scanners with higher magnetic field strength (e.g., 3 T) have increased signal-to-noise ratio and contrast enhancement, which can be used to improve spatial resolution and image quality. On the other hand, increased field inhomogeneities can lead to more artifacts in perfusion imaging. In a pilot study in 65 patients, Cheng et al. reported that 3-T CMR perfusion imaging provides an improved diagnostic accuracy, sensitivity, and specificity for the detection of significant coronary stenosis perfusion imaging (30) . Pulse sequences to perform CMR perfusion at 3 T are commercially available, and it is conceivable that in the near future more data will be available to analyze the performance of higher-magnetic-field-strength systems on a large scale.
Subendocardial and Subepicardial MBF Measurement with PET
Reduced subendocardial CFR in response to exercise or pharmacologically induced vasodilatation is a hallmark of flow-limiting stenoses. In the absence of coronary disease, this phenomenon has been demonstrated in patients with LV hypertrophy secondary to aortic stenosis (12) . We have recently validated the PET measurement of transmural MBF distribution during pharmacologic stress in the left ventricle of normal thickness in a porcine model of ischemic heart disease (47) . The use of a fully quantitative perfusion assessment is of clinical relevance because it circumvents the necessity of establishing a normal reference region of interest, which is particularly demanding in patients with multivessel disease and in all those conditions in which there is an increased heterogeneity in myocardial perfusion due to the presence of fibrosis or scarring. Differences in the composition of the different tissues surrounding the subendocardium and the subepicardium (blood vs. chest wall and lung tissue) can account for the small systematic difference in the agreement with microspheres between subendocardial and subepicardial flow ( ½Fig: 4 Fig. 4 ). The kinetic model used to quantify MBF contains an intrinsic correction for spillover from arterial blood activity but not for that from adjacent tissue activity; as a result, there is a slight overestimation in subepicardial MBF relative to that in the subendocardium.
Short-and Long-Term Reproducibility of Perfusion Measurement with PET. Different studies have tested the short-term reproducibility of MBF measurements using PET with 13 NH 3 and H 2 15 O (48,49). Repeated measurements of resting and hyperemic MBF using intravenous dipyridamole and adenosine during the same study session were not significantly different, demonstrating the validity of the technique. The variability of hyperemic flow was larger, as indicated by the larger repeatability coefficient, and was paralleled by a greater variability of the RPP. This jnm054478-pm n 6/9/09 could mean that the greater variability of MBF during stress is more likely due to a variable response to vasodilators rather than to a larger measurement error. In a subsequent study from the same group, the authors tested the feasibility and reproducibility of MBF measurement during supine bicycle exercise. The study results demonstrated the feasibility of this protocol, which was found at least as repeatable as using adenosine stress (50) .
These results demonstrate that serial MBF measurements with PET can be used to quantify the effect of various interventions on MBF and flow reserve.
More recently, Jagathesan et al. (51) have tested the long-term reproducibility of MBF measurement at rest and after dobutamine stress in patients with stable CAD using PET with H 2 15 O. Dobutamine induced reproducible changes in both global and regional MBF and flow reserve over 24 wk. The reproducibility of MBF and flow reserve with dobutamine was comparable with the short-term repeatability reported for adenosine and physical exercise in healthy subjects. In a subsequent study, the same authors (52) compared the relationship between dobutamine MBF and stenosis severity in patients with single-vessel CAD. In patients with stenoses less than or equal to 69%, MBF during dobutamine stress in territories subtended by diseased arteries was comparable to flow in remote myocardium subtended by nondiseased arteries. On the other hand, MBF during dobutamine stress in territories subtended by coronary arteries with stenoses greater than or equal to 70% was significantly lower than flow in remote myocardium subtended by nondiseased arteries. An inverse relationship between dobutamine MBF and stenosis severity was found both in ischemic and in remote territories. The latter observation is consistent with previous reports demonstrating abnormal CFR with vasodilator stressors in myocardial segments subtended by angiographically normal coronary arteries and most likely reflects concomitant microvascular dysfunction.
Differences Among Stressors
Mechanistic differences between pharmacologic stressors may offer different clinical benefits. In a recent study, the effects of dobutamine and adenosine on absolute MBF and CFR were compared in a cohort of patients with CAD and a group of healthy volunteers (19) . In healthy volunteers, MBF and flow reserve during adenosine were higher than during dobutamine. In patients, adenosine produced a more significant flow difference between ischemic and remote myocardial than did dobutamine, which achieved flow heterogeneity to a lesser extent and only in patients with severe coronary artery stenosis (75%). However, in myocardial segments subtended by a significant coronary stenosis, dobutamine achieved greater hyperemia than adenosine stress and CFR values similar to adenosine stress ( ½Fig: 5 Fig. 5 ). This greater hyperemia with dobutamine may indicate greater collateral recruitment or reflect the greater propensity for vasodilator agents to induce coronary steal.
Therefore, the higher diagnostic sensitivity quoted with vasodilator stress primarily reflects the greater hyperemia seen with these agents in remote myocardial segments. In summary, this study using quantitative perfusion imaging demonstrated that adenosine stress has higher sensitivity and dobutamine has higher specificity.
MBF AND OVERT CAD
The methodologic aspects and main clinical applications of MBF measurement have been reviewed recently (7) .
Endothelial dysfunction is an early marker of coronary atherosclerosis and a predictor of cardiovascular events (53, 54) . The techniques generally used to test endothelial function are invasive and involve intracoronary administration of drugs during coronary angiography. More recently, measurement of MBF with PET in response to a cold pressure test (CPT) has been used as a noninvasive tool for the assessment of endothelial function (55) . The accuracy, reproducibility, and clinical value of this approach have been validated in several studies by different groups (56) (57) (58) (59) .
This technique has been used to demonstrate endothelial dysfunction in patients with insulin resistance (60) and its improvement with euglycemic control and insulin treatment in patients with type 2 diabetes (61); this technique also shows the effect of thiazolidinedione therapy in insulin-resistant individuals (62) . Schindler et al. demonstrated that the CPT-induced increase in MBF (d-MBF) was significantly less in diabetic patients than in controls (mean 6 SD, 0.07 6 0.07 vs. 0.25 6 0.12 mL/min/g; P , 0.001) (61) . After treatment with glyburide and metformin, which jnm054478-pm n 6/9/09
/ min/g; P , 0.001). Quinones et al. (62) measured MBF at rest and after CPT in insulin-resistant patients and controls at baseline and after 3 mo of thiazolidinedione therapy. At baseline, MBF response to CPT increased by 47.6% from resting values in insulin-sensitive patients and by 14.4% in insulin-resistant patients. During thiazolidinedione therapy, insulin sensitivity improved, fasting plasma insulin levels decreased, and MBF responses to CPT normalized.
Morita et al. (63) studied 15 young smokers with no evidence of heart disease or other cardiovascular risk factors and a group of age-matched nonsmokers (n 5 12) to assess the effect of smoking cessation on coronary endothelial function. At baseline, MBF during the CPT in smokers was lower than that in nonsmokers (0.90 6 0.19 vs. 1.12 6 0.28 mL/g/min; P , 0.05). However, 1 mo after smoking cessation, compared with baseline, MBF during the CPT increased (0.90 6 0.19 vs. 1.02 6 0.22 mL/g/min; P , 0.01), and the improvement was preserved at 6 mo after smoking cessation.
Finally, similarly to the data obtained with the invasive approach (54), impaired MBF response to CPT assessed by PET is associated with cardiovascular events at follow-up (55) .
PET has been used to demonstrate the effect of cardiac resynchronization therapy on the redistribution of MBF in patients with nonischemic and ischemic cardiomyopathy (64). Wielepp et al. (65) studied 26 CAD patients with untreated hypercholesterolemia. MBF was measured at rest and at 4.6 6 1.8 mo after statin therapy. Minimum coronary vascular resistance (MCR) and CFR were determined. Segments were divided into those with normal or nearnormal MBF during adenosine (i.e., $2.0 mL/min/g) and those with MBF during adenosine (i.e., ,2.0 mL/min/g). After treatment with statin, no significant changes in MBF, flow reserve, and MCR were found in normal segments. However, initially abnormal segments showed significant improvements in MCR (15%; P , 0.0001) and MBF during adenosine (30%; P , 0.0001) after therapy.
The relationship between resting and hyperemic MBF and severity of coronary stenoses in patients with coronary disease has been studied using H 2 15 O and 13 NH 3 . The widespread clinical use of this approach for the evaluation of the functional significance of coronary stenoses has been limited by the fact that both H 2 15 O and 13 NH 3 require a cyclotron on site for their production. The generatorproduced cationic potassium analog 82 Rb represents an attractive alternative because it does not require a cyclotron on-site and has a short half-life (78 s). Early experimental studies have shown that, although 82 Rb with PET allows detection of myocardial ischemia, quantification of MBF using this tracer is limited by the heavy dependence of its myocardial extraction at higher flow rates (66) . Because the myocardial extraction of 82 Rb decreases significantly with increasing flow rates, the calculated hyperemic flow with vasodilator stress may underestimate the actual flow rate. Therefore, quantification of regional MBF with 82 Rb may be inaccurate, particularly during hyperemia or in metabolically impaired myocardium. In addition, the high positron energy (3.15 MeV) of this radionuclide results in relatively poor image quality and in a reduced spatial resolution due to its relatively long positron track. More recently, however, a novel approach, based on a generalized factor analysis of dynamic sequences (GFADS) and a 2-compartment kinetic model, has been developed for the quantification of regional MBF with 82 Rb. Using this approach, Anagnostopoulos et al. (67) have studied the relationship between stenosis severity, assessed with quantitative coronary angiography, and MBF, measured with 82 Rb in patients with CAD. The results of this investigation were consistent with those previously reported using H 2 15 O and 13 NH 3 (21, 22) .
In another recent PET study, Lortie et al. (68) 82 Rb using a 1-compartment model were in good agreement with those obtained with 13 NH 3 both in healthy volunteers and in patients with CAD. Altogether, these preliminary studies in relatively small groups of subjects provide evidence that PET with 82 Rb allows the quantification of regional MBF. This approach may represent a valid alternative to SPECT myocardial perfusion imaging and in addition may allow detection of balanced or global MBF reductions.
The prognostic value of myocardial perfusion imaging using 82 Rb and PET has been evaluated by Yoshinaga et al. (69) in 367 patients who were followed for 3.1 6 0.9 y. Rest and stress myocardial perfusion were assessed semiquantitatively, and patients were stratified according to their summed stress scores. The severity of the summed stress scores was shown to have significant prognostic value in predicting major adverse cardiac events, including death and myocardial infarction, and total cardiac events, including revascularization and hospitalization.
In a cohort of 695 patients with an intermediate likelihood of CAD, Schenker et al. (70) have assessed the added value of combining coronary artery calcium (CAC) scoring with the semiquantitative analysis of rest-stress 82 Rb perfusion using a hybrid PET/CT scanner. The results of this study showed that although increasing CAC content is generally predictive of a higher likelihood of ischemia, its absence does not completely eliminate the possibility of flow-limiting CAD. Importantly, a stepwise increase occurs in the risk of adverse events with increasing CAC scores in patients with and without ischemia on PET myocardial perfusion imaging. Finally, in 100 consecutive patients, Siegrist et al. (71) have evaluated the impact of myocardial perfusion imaging with 13 NH 3 and PET on clinical decision making and cost effectiveness in a population with high prevalence of CAD. The results of this study have shown jnm054478-pm n 6/9/09 that PET with 13 NH 3 is cost-effective and affects patient management.
MBF AND CORONARY MICROVASCULAR DYSFUNCTION
There is no technique that enables direct visualization of coronary microcirculation in vivo in humans. Therefore, its assessment relies on the measurement of parameters that reflect its functional status, such as MBF and CFR. CFR is an integrated measure of flow through both the large epicardial coronary arteries and the microcirculation (7) .
In the absence of obstructive stenoses on the epicardial arteries, a reduced CFR is a marker of coronary microvascular dysfunction. Although a single cutoff value of CFR (e.g., #2.0) below which microvascular function is deemed abnormal would be useful clinically, in healthy humans, CFR varies according to age and sex (20) . Therefore, it is essential to compare CFR data in patients with those obtained in age-and sex-matched healthy subjects. In addition, resting MBF is linearly related to cardiac work. Therefore, when comparing different patients it is important to correct resting MBF for the main determinants of external cardiac workload (i.e., blood pressure and heart rate [RPP]). A corrected CFR can then be calculated by dividing hyperemic flow by RPP-corrected resting flow (22) . More complex is the assessment of coronary microvascular dysfunction in territories subtended by stenotic coronary arteries in which the evaluation of microvascular function depends on the clinical context.
As proposed by Camici and Crea (5), coronary microvascular dysfunction can be classified in the following 4 groups: coronary microvascular dysfunction occurring in the absence of obstructive epicardial CAD and myocardial diseases (type A), coronary microvascular dysfunction occurring in the context of cardiomyopathies (type B), coronary microvascular dysfunction occurring in the presence of obstructive epicardial CAD (type C), and iatrogenic coronary microvascular dysfunction (type D).
Lately, several studies have expanded our understanding of coronary microvascular dysfunction in different clinical settings. In moderately hypertensive patients with stable CAD, the effect of treatment with the angiotensin receptor blocker valsartan on MBF was measured with PET and 13 NH 3 (72) . Significant improvements in MBF both after CPT and in response to pharmacologic vasodilatation with adenosine could be demonstrated after 1 and 16 wk of treatment. The improvement in MBF preceded the reduction of blood pressure, suggesting direct beneficial effects on microvascular function. In another study in hypertensive patients with LV hypertrophy, the effect of treatment with the angiotensin-converting enzyme inhibitor perindopril, in combination with the diuretic indapamide on resting and hyperemic (adenosine) MBF, was assessed. Compared with baseline, after 6 mo of treatment both systolic and diastolic blood pressures were significantly reduced and there was an increase in MBF and a significant reduction of LV mass (73) .
In a randomized, double-blind, placebo-controlled study in 26 nondiabetic patients with familial combined hyperlipidemia, Naoumova et al. (74) tested the effect of treatment with the insulin sensitizer thiazolidinedione pioglitazone added to conventional lipid-lowering therapy on myocardial glucose use and blood flow using PET with 18 F-FDG and H 2 15 O, respectively. After 16 wk of treatment, there was evidence of significant increases in myocardial glucose use and hyperemic blood flow with adenosine, again suggesting improved coronary microvascular function.
In a double-blind, placebo-controlled pilot trial, 16 consecutive patients with idiopathic-dilated cardiomyopathy were randomized to treatment with either carvedilol or placebo (75) . Regional MBF was measured at rest and after intravenous injection of dipyridamole using PET with 13 NH 3 at baseline and after 6 mo of treatment. Absolute MBF did not change significantly after carvedilol or placebo treatment, although hyperemic blood flow showed a trend toward increase in patients receiving active treatment. CFR significantly increased after carvedilol treatment; it remained unchanged after placebo, and stress-induced regional perfusion defects decreased after active treatment (75) .
Previous PET studies have demonstrated that maximum MBF and flow reserve are severely blunted in patients with hypertrophic cardiomyopathy (HCM), and the severity of the impairment predicts ventricular remodeling and prognosis ( ½Fig: 6 Fig. 6 ) (76) (77) (78) . In a recent paper by Petersen et al. (31) , the correlation between degree of hypertrophy, MBF at rest and during hyperemia (adenosine), and myocardial fibrosis was assessed using MRI in 35 patients with HCM. This study provided novel evidence that hyperemic MBF decreased with increasing end-diastolic wall thickness and preferentially in the subendocardial layers. The frequency with which subendocardial blood flow fell below subepicardial blood flow was directly proportional to wall thickness and the incidence of fibrosis assessed by gadolinium late enhancement (31) . In another study of 18 patients with HCM, PET with H 2 15 O was used to measure subepicardial and subendocardial blood flow and MRI was used to determine LV mass and volumes; LV outflow tract gradient was measured at cardiac catheterization. The subendocardialto-subepicardial flow ratio decreased significantly during hyperemia, and the pattern was similar for the hypertrophied septum and lateral wall. Hyperemic flow was inversely correlated with LV outflow tract gradient, terminal pro-brain natriuretic peptide, left atrial volume index, and ventricular mass. These findings suggest that, in addition to microvascular remodeling and vessel rarefaction, extravascular compressive forces contribute to microvascular dysfunction in patients with HCM (79) .
In a preliminary study in healthy volunteers, Kaufmann et al. (80) demonstrated that the maximum MBF response to intravenous adenosine measured with PET and H 2 15 O in humans was constrained by what could be a neurally jnm054478-pm n 6/9/09 mediated vasoconstriction of resistance vessels. This latter was paradoxically relieved by systemic infusion of the nitric oxide synthase inhibitor L-NMMA, as suggested by the lack of flow increase after L-NMMA observed in transplant recipients whose hearts were denervated for several months after surgery. In a subsequent study using the same methodology, the same authors have shown that the systemic infusion of L-NMMA in patients with CAD significantly increased the MBF response to adenosine in territories subtended by stenotic ($70% luminal diameter) coronary arteries (81) . The notion that the flow response to adenosine or dipyridamole does not represent the maximum flow achievable in the coronary system has been previously demonstrated in animals (82, 83) . Furthermore, in a study in healthy human volunteers, in whom MBF was measured noninvasively by means of PET with H 2 15 O, Lorenzoni et al. (84) showed that the flow response to dipyridamole was increased by approximately 40% when the study was repeated during pharmacologic blockade of peripheral a 1 adrenoceptors. Further studies are needed to ascertain whether the findings of this investigation offer the possibility of devising some new form of treatment to improve myocardial perfusion in patients with chronic CAD. Severe impairment of CFR predicts LV remodeling at followup in patients with HCM. Stop frames of echocardiograms obtained at time of PET scan (at age 33 y) (A) and at final evaluation (at age 42 y) (B) in HCM patient with missense mutations of myosin b-heavy chain and of myosin binding protein C genes (Arg723Cys and Glu165Asp, respectively). Patient had severely impaired flow response to dipyridamole (MBF was 0.71 mL/min/g under resting conditions and only 1.06 mL/min/g following intravenous dipyridamole). Comparison of two echocardiograms at baseline (A) and at end of follow-up (B) shows progression of LV cavity enlargement and systolic impairment, with regression of septal hypertrophy. This patient had no functional limitation at time of PET; during 9 y of follow-up, congestive symptoms progressively developed and at final evaluation patient was severely limited, with dyspnea on minimal effort. Each set of echocardiographic images (top to bottom) consists of parasternal long-axis and apical 4-chamber views. *Interventricular septum. LA 5 left atrium; LV 5 left ventricle. (C) Comparison of LV end-diastolic volume and ejection fraction at time of measurement of MBF and flow reserve (dipyridamole) using PET and at final evaluation according to tertiles of dipyridamole MBF. Vertical bars indicate mean 6 SD for each group. *P , 0.05 vs. same group at time of PET scan. y P , 0.05 vs. patients in highest tertile. z P , 0.05 vs. patients in other tertiles. EDV 5 end-diastolic volume; EF 5 ejection fraction. (Reproduced with permission of (77).)
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